INTRODUCTION
Fundamental considerations involved in the formation of thin epitaxial films include misfit strains and segregation behavior at coherent, semicoherent and incoherent interfaces. The critical thickness is defined as the film thickness above which it becomes energetically favorable for a thin film to contain dislocations. The misfit strains in lattice mismatched systems result in a drift term in the diffusion equation which can lead to enhanced diffusion. The generation of dislocations and subsequent precipitation or segregation at the interfaces and dislocation arrays degrade junctions and produce undesirable effects in device processing. 
JOURNAL DE PHYSIQUE
The bulk GaAs has roughly 4% higher lattice constant (5.65 A) compared to that of Si (5.43 A).
Most of these dislocations are generated at the free surface and move towards the interface to minimize the strain energy of the system. A small fraction of the dislocations is related to the growth processes in these films. High-resolution image of the interface shows presence of dislocations and twins. This paper focuses on the formation of defects and dislocations during the growth of epitaxial films and segregation behavior of dopants at dislocation arrays and interfaces. For lattice mismatched systems the oontrol of number density of dislocations to below lo4 -1 6 cm-2 is required to fabricate advanced senliconductor devices. The segregation of impurities and dopants becomes an important consideration at temperatures, where diffusion associated with stress fields of dislocation arrays and interfaces becomes significant. The dopants are not only lost electrically, once precipitated out, but the precipitates can also act as recombination centers for carriers in the electrically active regions. Fig. 2 illustrates the precipitation of antimony at the dislocations in sb+ implanted and subsequently annealed (001) Si specimens. The ion implantation and annealing result in thin epitaxial layers with cc~mpressive stresses when antimony occupies substitutional sites. The micrograph clearly shows the effectiveness of dislocations in precipitation behavior, which essentially results in bimodal distribution G€ precipitates. The larger precipitates are associated with the dislocations as a result of enhanced diffusion along the dislocation while the smaller precipitates grow in the lattice involving lattice diffusion, homogeneous nucleation and growth. It should be pointed out that some of the large precipitates are not comected via dislocations because the dislocations associated with them are out of contrast for the particular diffraction conditions used. Another characteristic of the large precipitates is the unifomlity of their size, indicating the Oswald ripening phenomenon of the precipitates along the dislocations.
The results on precipitation of boron implanted and thermally annealed (001) Si specimens are shown in Fig. 3 . The boron atom is an undersize atom in silicon by the same amount as antimony is an oversize alom The boron atoms in substitutional sites in silicon create tensile stresses in the film. In this case, boron concentration is enhanced at the dislocations, but not to the same extent as the enhancement of the antimony concentration. This may point to difficulty in Oswald ripening of boron precipitates as a result of solid state diffusion. On the other hand, since antimony precipitates are in liquid state Oswald ripening seems to be more effective compared to that of boron precipitates in silicon.
The critical thickness is determined after considering the activation energy required to nucleate a lattice misfit tii slocation at the free surface and for it to glide under the stress field associated with a coherent interface. The self and interaction energy terms associated with the dislocation configuration in the finite epilayer are obtained by satisfying the free surface boundary conditions. Thus, the present analysis eliminates all the approximations associated with earlier determinations of critical thickness [I-'!].
Specifically, the stress field due to an interface between an epilayer of finite thickness and an infinitely thiclk subsmte, either coherent or semicoherent, is calculated using the discrete dislocation analysis. The elastic distortion in the system arises due to the difference in lattice parameters of the epilayer and the substrate. The stress field associated with the distortion is a function of the elastic moduli of the epilayer and the substrate. It has been shown that the distortion associated with any source of stress in a solid can be represented in terms of two sets of surface dislocations with mutually orthogonal Burgers vectors [8, 9] . Furthermore, the free surface boundary conditions, namely that the tractions on the surface be zero, are satisfied by the disaibution of the surface dislocation array. The discrete dislocation method to determine the distribution of the surface array uses, instead of force equilibrium, a more general approach wherein minimization of the energy of the configuration described in terms of sets of dislocations is used. This method can be made significantly accurate when the minimization of the energy of the configuration is d e d out with respect to both the positions and the Burgers vectors of the dislocations [10] . The advantage of this method lies in its simplicity. It can be employed when the mathematical analysis using the continuous dislocation distribution method becomes extremely tedious as a result of the complex geometry of the configuration under equilibrium. These results are used to determine the critical thickness of the epilayer for nucleation of misfit dislocations.
The segregation of dopant atoms in the presence of either a coherent or a partially coherent interface or a grain boundary is analyzed by including the drift forces. When the epilayers are coherent, the drift forces arise only due to configurational energy changes [l l]. On the other hand, the stress field associated with the dislocation configuration in a partially coherent interface or a grain boundary is responsible for the drift force on the dopant or impurity atom The stress fields obtained by our analysis are used to calculate the interaction energy between an interface and the dopant atom. This interaction energy term is us.& to calculate the drift force [12] . Furthemore, the kinetics of segregation are obtained from the solution to the diffusion equation including the drift tern by an eigen function expansion method.
CRITICAL THICKNESS AND ITS IMPORTANCE
The possibility of growing high quality epitaxial layers of different materials on latticemismatched semiconductor substrates is a topic of considerable interest. The range of useful devices available within a given substrate is considerably enhanced by this method. During epitaxial growth if the misfit between a substrate and the growing epilayer is small, the first atomic layers which are deposited will be strained to match the substrate lattice and a coherent interface is formed. However, as the thickness of the growing epilayer increases, the homogeneous strain energy of the epilayer becomes large enough to make the nucleation of misfit dislocations energetically favorable. The thickness of the epilayer at which misfit dislocations w i l l be nucleated to relieve the homogeneous strain energy corresponds to the critical thickness for the system. The existence of the critical thickness was first considered by Van Van der Merwe [2] initially determined the critical thickness of a lattice mismatched epilayer by equating the areal strain energy density in the N m with the interfacial energy per unit length between the film and the substrate arising as a result of the generation of interface misfit dislocations. The interfacial energy was calculated using the Peierls -Nabam potential to represent the interatomic farces at the interface. However, the value of the interfacial energy obtained becomes significantly inaccurate when the misfit dislocation spacing is greater than twice the thickness of the epilayer. Specifically, the expression for the interfacial energy in the analysis contains a term which Van der Menve calls " the shear modulus of the interface". Its value is assumed to be small for weak interfacial bonding and large for strong bonding. It was taken to be the shear modulus of the softer crystal for systems like cobalt-copper and PbSe-PbS.
Matthews [3, 4] obtains the critical thickness by minimizing elastic (coherent) and plastic (dislocations) energy terms. This is equivalent to mechanical equilibrium of the forces acting on the dislocation. 'fie lattice mismatch is accommodated by the generation of a rectangular m y of non-interacting edge dislocations. Further, it is assumed that the misfit dislocation is formed by the bowing of a grown-in threading dislocation, such that a segment of the dislocation line lies along the interface. Tht: forces acting on the threading dislocation are the line tension and that due to the stress field of the interface. In the intially coherent film, the line tension force is larger than the force due to the misfit stress. However, with increasing epilayer thickness the force due to the misfit stress becomes larger and the thickness at which the two forces are equal is denoted as the critical thickness. For layer thicknesses greater than the critical thickness, the threading dislocation bows and elongates under the influence of the misfit stress resulting in the generation of a segment of misfit dislocation line along the interface. This mechanism of generation of misfit dislocations is not expected to operate in the case of small misfits and high quality interfaces due to the low density of threading dislocations.
Pwple and Bean [6, 7] have followed a procedure similar to that of Van der Merwe for the deterrninatior~ of critical thickness. They assumed that the growing film is initially free of threading dislocations and that interfacial misfit dislocations would be generated when the areal strain energy density exceeds the self energy of an isolated dislocation at the interface. However, the energy of an isolated screw dislocation in an infinite single crystal has been used to represent the energy of a dislocation at the interface in a two-phase medium with a finite epilayer. A width is associated with the dislocation, which is defined as roughly the distance perpendicular to the interface over which a substantial shah field due to the dislocation occurs. The energy balance is considered with respect to a region of coherently strained lattice with the same width.The effective interfacial width of four to five < l 10> atom spacings is employed to determine the energy of the dislocation. This leads to a gross overestimation of the critical thickness especially for low misfits (I 3.5%); although for large misfits an inttzfacial width of four to five c110> atom spacing gives results which are approximately correct.
In the present work, we have used the surface dislocation analysis to obtain the strain energy density of a coherent interface as well as the energy of the configuration with a misfit dislocation in the epilayer. The formation of a misfit dislocation follows the mechanism proposed by Narayan et. al. [13] , wherein dislocations with Burgers vector a12 <101> and sense vector along the c1 10> direction are generated at the free surface and subsequently glide on the ( 11 1) planes towards the interface. Dis'locations with Burgers vector a/2 [l011 make a 60° angle with both the [l 101 and [l 101
directions , indicating that the dislocations would be of a mixed character. In our analysis, a misfit dislocation with Burgers vector a/2 [l011 lying along the [l 101 direction with the slip plane (1 11) is considered to be nucleated at a distance of one lattice parameter from the free surface in the presence of the stress field of the coherent interface. The lattice misfit dislocations would be nucleated near the free surface when the strain energy density of the coherent film exceeds the total misfit dislocation configuration energy. This becomes the necessary condition for the formation of misfit dislocations, whereas a sufficient condition is that the glide of the misfit dislocation towards the interface should be accompanied by a decrease in the energy of the system.
ANALYSIS OF NUCLEATION OF MISFIT DISLOCATION
The geometry of a two phase planar interface composed of media with different elastic moduli is shown schematically in Fig. 4 . The difference in lattice parameters and the elastic moduli between the epilayer and the substrate is responsible for the distortion in the two-phase medium In the present study, we have used the discrete dislocation analysis to determine the stress field associated with a coherent two-phase interface and the critical thickness of the epilayer for nucleation of misfit dislocations.
The distortion associated with a coherent interface is represented by two sets of edge dislocations whose sense vectors are orthogonal to each other in the plane of the interface, with a distance of separation in each set of a;! and with a Burgers vector Aa (= al -a;! ) where a2 is the lattice parameter of the substrate and al that of the epilayer. Tfie misfit parameter, f is defied by f= A+.
INFINITELY EXTENDING EPILAYER
An infinitely extending epilayer is shown in Fig. 4 with the surface array, which satisfies the free surface boundary conditions. It is found that the surface array forms a mirror image of the dislocations representing the coherent interface. Using this surface array we have determined the stress field due to the coherent interface in the epilayer which consists only of normal stress components and is given by,
where G1 is the shear modulus of epilayer and ul is the Poisson's ratio of the epilayer. Further, the stress components in the substrate are found to be zero. The elastic energy of the coherent two-phase medium is given by, The first term represents the work done in introducing the misfit dislocation at a distance, d, from the
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free surface in the presence of the stress field of the coherent interface. The second term consists of the sum of the self energies of the surface dislocations and of the misfit dislocation in addition to the interaction energies of the dislocations between themselves.The work done per unit area in introducing tjhe misfit dislocation is given by,
where bmk (y) is the component of the Burgers vector of the misfit dislocation along the y -axis and 1
is the separation of adjacent misfit dislocations given by b, , , $f .
It should be noted that only the oYY component of the stress field contributes to the work done in introducing the misfit dislocation in the epilayer.
The sum of the self energy terms associated with the surface dislocations and the misfit dislocation and the interaction energy t e r n between the dislocations are determined using standard expressions. ' The self energy is obtained by moving the dislocation in its own stress field from a distance R to the wre radius r, while the interaction energy term is determined by introducing a dislocation in the presence of the stress field of the other dislocation. The oxy component of a dislocation with Burgers vector parallel to the interface of a two-phase medium is given by [14] ,
Similarly the stress component due to a dislocation with Burgers vector m to the interface is, where the dis'location is situated at (x,,O), and xl = X -xo ; x2 = X + xo ; rl = xl + y2 ; r2 = x2 + y2 K, = 3 -4uz In the above equation G1, ul are the shear modulus and Poisson's ratio of epilayer while G,, u2 are those of the of substrate. In particular, the self energy of a dislocation is obtained from, where r, is the core radius of the dislocation and R denotes the crystal size; R >> r, . Since, the energy is considered per unit area the parameter, 1 appears in the denominator of the self and interaction energy terms. For large R the self energy becomes, Similarly, the interaction energy is determined from, R where oxy(l) is the stress components due to the dislocations in primary array. Thus the total energy of the dislocation configuration is given by, where the subscripts 1 and 2 denote the primary and secondary dislocation arrays respectively, on the free surface, while the subscript m refers to the misfit dislocation. The primary array contains dislocations with Burgers vectors parallel to the interface while the secondary m y has Burgers vectors perpendicular to the interface. The subscripts S and I denote the self and interaction energy terms respectively. Thus, for example, E, is the self energy of the primary array and EI is the interaction energy of the dislocations in the primary array with the secondary array.
The energy of the misfit dislocation configuration given by hs = Eself+int. is minimized both with respect to the Burgers vectors and the positions of the dislocations in the surface array for a given position of the misfit dislocation.
EPILAYER OF FINITE EXTENT
The distortion associated with a finite size epilayer is shown in Fig. 6 with the surface array, which satisfies the free surface boundary conditions. In this case a closed form solution for the energy of the coherent epilayer as a function of the epilayer thickness cannot be obtained. The energy of the coherent epilayer is obtained by numerical minimidon of the self and interaction energies of the dislocations representing the coherent interface and the surface dislocation array. The minimization is carried out with respect to both the Burgers vectors and positions of the dislocations comprising the surface array. The energy of the configuration consisting of the coherent interface is given as, where the subscripts 1 and 2 denote the primary and secondary dislocation arrays on the free surfaces of the epilayer, 3 and 4 denote the primary and secondary dislocation arrays on the free surfaces of the substrate and the subscript i deontes the interface dislocations. The procedure for obtaining the self and interaction energy terms is similar to that followed in the case of an infinitely extending epilayer presented earlier.
A mislit dislocation is nucleated in the epilayer at a distance, d from the free surface to accomodate the strain due to the coherent interface. Hence, the width of the epilayer 1 is taken to be b d s / f. The sum of the Burgers vectors of the interface dislocation within this width is equal to the Burgers vector of the misfit dislocation. The energy of the misfit dislocation configuration consisits of,
where the subscript m refers to the misfit dislocation. The self and interaction energy terms in the expression for total energy of the misfit dislocation configuration have been evaluated by a procedure similar to the one outlined earlier. The total energy of the misfit dislocation configuration is minimized with respect to both the Burgers vectors and the positions of the dislocations in the surface array.
RESULTS OF CRITICAL THICKNESS
The critical thickness has been numerically determined for the Gel-, Six /Si system at different values of X, giving rise to different values of the mismatch parameter, f between the epilayer and substrate. The shear modulus and lattice parameter for the Gel-, Six /Si system as a function of X is tabulated in Table I . Fig. 7 shows the variation of the total energy of the nucleated misfit dislocation as a function of the distance from the free surface for an epilayer thickness of 15 A in the Gfli system. The 'activation energy barrier to the nucleation of dislocations in the epilayer is shown as Eact in Fig. 7 . The energy of the misfit dislocation is zero when it is outside the crystal, i.e. d=O, since both the work done and the self and interaction energy terms are zero. The work done in moving the misfit dislocation into the epilayer increases linearly with the distance, d from the free surface while the self and interaction energy terms increase more slowly. The result of the variation of these two energy terms as shown in Fig. T gives rise to the resultant activation energy barrier. A misfit dislocation nucleated at distances from the surface greater than the distance at which the activation energy is maximum will move towards the interface since this is accompanied by a lowering in energy of the configuration. Also, if the coherent strain energy is larger than the activation energy, the misfit dislocation will move towards the interface.
The strain energy of the coherent epilayer in the absence of a misfit dislocation and that of the misfit dislocation configuration for X =0.41 or f=2.5% are shown as a function of the epilayer thickness in Fig. 8 . A critical thickness of 15A is obtained from Fig. 8 where the activation energy is overcome by the coherent strain energy. The strain energy of the wherent film is smaller than the activation energy of the misfit dislocation for epilayer thicknesses below the critical value, hence the film remains coherent. The strain energy associated with the coherent film increases more rapidly than the misfit dislocation energy with increasing epilayer thickness. Therefore, the activation energy required to nucleate a misfit dislocation is overcome with increasing values of the epilayer thickness. The necessary condition for the formation of a misfit dislocation is that the strain energy of the coherent film should exceed the energy of the misfit dislocation, whereas a sufficient condition is that the glide of the misfit dislocation towards the interface should be accompanied by a decrease in the energy of the system. Hence, both the necessary and sufficient conditions for attaining the critical thickness are satisfied
The critical thickness obtained for various values of the misfit parameter, f, i.e. for different values of X is shown in Fig. 9 along with the results obtained by others. The critical thickness obtained from the present analysis and from that of Matthews [3] are also presented in Table 11 to bring out the differences in the two models. Further, it is clear from Fig. 9 that the magnitudes of critical thickness obtained by People and Bean [6, 7] are much larger than those predicted by the model presented here or from Matthews' theory. This difference arises due to the fact that People and Bean have taken a very small constant width of the coherent interface over which the energy balance is carried out.
We have further verified that the free surface boundary conditions are satisfied by the stress field of the surface array obtained from the discrete dislocation analysis. In pdcular, Fig. 10 illustrates the o component of the stress field in the epilayer arising due to the misfit dislocation XY and the surface array. The stress field is found to decrease very sharply outside the free surface. The ripples in the stress field near the free surface arise due to the discrete nature of the calculations. When the number of surface dislocations used in the calculation is large, the free surface boundary conditions are satisfied to a greater accuracy.
The energy of the wherent medium in the absence of a misfit dislocation and that associated with the misfit dislocation configuration in an epilayer of finite width has also been calculated. The critical thickness has been obtained for various values of the misfit parameter, f f( Gel, S& /Si system) i.e. for different values of X by determining the coherent strain energy that exceeds the activation energy. The variation of critical thickness as a function of the misfit parameter is shown in Table 111 alongwith the experimental value obtained for the Ge/Si system. There is a close agreement between the results calculated for finite width of the epilayer and the experimental value. The value of the critical thickness obtained for a finite width of the epilayer is much larger than that obtained for an infinitely extending epilayer for a given lattice misfit. The levels of the stress fields in the finitely wide epilayer are much smaller than those in the infinitely extending epilayer, hence the coherent strain energy is also much smaller. Therefore, the required activation energy for the nucleation of a misfit dislocation can only be supplied at much larger thickness.
SEGREGATION BEHAVIOR
The interaction of dopant atoms and impurities with sources of stress, namely dislocation arrays and interfaces, gives rise to changes in concentration profiles in semiconductors, which control the device ch~aracteristics. The concentration profiles of the dopant atoms can be modified by these interactions in order to optirnize such parameters as device threshold voltage and to obtain the desired capacitance voltage and current voltage characteristics. In submicron semiconductor devices, the shape of the ldopant profiles critically determines parameters such as device threshold voltage, capacitance voltage (CV) and current voltage QV) characteristics. Polycrystalline silicon doped with appropriate clopants is also used in many semiconductor applications, for example as interconnects and gate electrodes in CMOS technology. The dopant elements such as As, B and Sb have a tendency to segregate to grain boundaries and interfaces during annealing at temperaencountered in various processing steps [IS]. Specifically, the changes in the dopant concentration profiles lead to changes in the carrier concentration and the conductivity. The dopant atoms segregated at the positions along grain boundaries and interfaces become electrically inactive. In addition, grain boundaries act as barriers to electron mobility, the height of which is altered by the segregation of the doped elements. Furthennore, grain boundaries and interfaces can be used as gettering sites for the removal of impurities and thus enhancing device performance. Therefore, a study of the segregation behavior of clopant elements at grain boundaries and interfaces is important A highly localized change in concentration resulting from solid state thermal redistribution of elements between matrix and another region is called segregation. The region of segregation may be a free surface, a glain boundary, an interface or it may be a defect configuration consisting of a dislocation or dislocation substructure or a stacking fault. Fquilibrium segregation analyzed in the adsorption theories typically refers to a few atomic layers of the matrix wherein the segregating atoms precipitate. However, in a more general sense, segregation is used to describe any process responsible for redistribution of the element as a result of a decrease in the free energy of the system. In contrast to the equilibrium segregation phenomena dictated by the associated free energy change, nonequilibrium segregation is controlled by the kinetics of redistribution of the atoms 1161. Thus, the rate of transfer of atoms to grain boundaries, interfaces and other defect complexes could be controlling the segregation process. In addition, the drift forces which are acting on the segregating atoms due to the several types of elastic and electronic interaction energy terms are spatially varying so that the segregation of atoms is dependent on the kinetics. The kinetics of segregation of the point defects and impurity atoms to dislocations taking into account several interaction energy terms has been attempted by many authors [19-211. Defect configurations such as dislocations, grain boundaries and interfaces give rise to a drift force acting on the point defects. The point defects diffuse to the s o m e of stress under the influence of the drift force and concentration gradients present in the lattice. Different approximations have been used to solve the diffusion equation to obtain the kinetics of segregation.
In the embedded atom method [17,18], the energy of the atomic configuration is determined from the energy to embed each atom in the electron density due to the surrounding atoms plus a short-range core-core repulsion. The embedding functions and core-core repulsions are determined empirically by fitting to properties of the bulk material. In order to calculate the structure and energetics of defects and inhomogeneities in metal alloys, the total energy of the system must be known for an arbitrary arrangement of atoms. The embedded atom method is an attempt to provide a new method of determining the total energy that avoids some of the difficulties in determining pair-pair interaction between unlike atoms and the variation of the volume dependentcontribution with alloy composition. The energy associated with an atom is approximated by the energy associated with the electron density of the atom plus the constant backgroun local electron density. There is an additional electrostatic contribution due to core-core overlap.The embedding energies in core-core repulsion are calculated from the formal definition of these quantities in the density functional framework as described by Daw et. al. [17] . The EAM can further be comb'med with Monte-Carlo simulation techniques to determine the equilibrium segregation at defects and surfaces [18] . The surface composition prof~les obtained as a function of the distance from the surface are found to vary non-monotonically with the top atomic layer strongly enriched with the segregating atom.The compositional variation in the core region of an edge dislocation are in conformity with the continuum description 119-211.
Using the continuum theories, Cottrell and Bilby [l91 have given an approximate solution to the stress assisted precipitation of a solute atom at an edge dislocation wherein the diffusion current is small in comparison to that due to drift. The calculations were performed assuming an intially uniform concentration of the solute in the matrix. Hence, the analysis gives reasonably accurate results only during the very early stages of precipitation. This method has been referred to in literature as the drift approximation. Ham On the other hand, Bullough and Newman [21] introduce a fiiite rate limiting step for transfer of solute atoms into the precipitate phase. The dislocation core in their model is represented by a cylindrical region of radius, rc = 7A in which uniformly distributed precipitate particles nucleate. It is further assumed that subsequent growth of the precipitate occurs only by the incorporation of impurities from the core region. In order to introduce a rate limitation into the model, it was further assumed that the growth of the particles is controlled by a finite velocity of transfer from the core region to th'e precipitate matrix; there being no concentration gradient within the core region.
In tht: present work, the diffusion equation including the drift term is solved by using an eigen function expansion solution wherein higher order eigen values are also considered to give more accurate kinetics of segregation.
THE DIFF'USION EQUATION INCLUDING THE DRIFT TERM
Fick's second law of diffusion including the drift term can be written in the form, 
Interaction Energy of a Dopant Atom with a Coherent Epilayer of Finite Thickness:
It has been shown earlier that all the stress components oij are zero in the substrate and the hydrostatic tamponent is independent of the coordinate system in the coherent epilayer so that its derivative vanishes giving rise to zero drift force. This result is signifcant in that the lattice parameter difference across the interface does not give rise to any drift force on the dopant atom. Therefore the only drift force acting on the dopant atom in the presence of a coherent interface arises due to the difference in shear moduli of the two phases. We consider a dopant atom, represented by three double forces, mutually perpendicular to each other acting at a point (x,O) from the interface as shown in Fig.1 l. The stress field and the displacement field associated with the dopant atom in the two-phase medium has been derived in our previous treatment of the problem [Ill. Using the arguments of additional work done by the interfacial tractions on the interfacial displacements, we have calculated the configurational energy of the interaction of the dopant atom. The result expressed in the present coordinate system takes the simple form, The parameter E, in the above equation is the fractional difference in the atomic radii of the dopant and substrate atom assuming them to be spherical.
Interaction Energy of a Dopant Atom with a Semicoherent Epilayer of Finite Thickness:
A partially coherent interface has been modelled by introducing an array of misfit dislocations separated by a periodic distance which is determined by the Burgers vector of the misfit dislocation and the lattice parameter difference of the epilayer and the substrate. Fig. 12 shows a schematic representation of a misfit dislocation situated at the interface. The hydrostatic component of the stress field due to the surface array has been evaluated by summation over the dislocation distribution functions and added to that arising from the misfit dislocations [12] . The first order size interaction energy of the misfit dislocation with a dopant atom is found to be, where the various terms have been previously defined. Thus equation (17) illustrates that whereas stresses due to a coherent epilayer donot give rise to a drift force, those present due to a semicoherent epilayer exert a drift force on a dopant atom in the substrate.
Interaction with a low angle tilt grain boundary :
A clear distinction should be made to evaluate the interaction energy between a point defect and a low angle or a high angle grain boundary. A low angle grain boundary has been represented classically as a linear array of dislocations boundary is given by [24] , oii = -2 (1 +U) oo sin 2xY ( cosh 2xX -cos 2xY) (18) where Y = yPo, X = x/Do and
Hence the first order size interaction of a point defect with a low angle tilt grain boundary becomes, 4 m~b r :
The interaction energy is undefied at X = y = 0 , i.e. at the dislocation itself but reaches a maximum at the center of the dislocation.
RESULTS OF ANALYSIS OF SEGREGATION OF DOPANT AND IMPURITY ATOMS
The nlumerical analysis of segregation of dopant atoms has been camed out in silicon near a free surface or a coherent interface (GaAsISi and Ge/Si) or a semicoherent interface (GaAstSi and GeISi ) and near a low angle tilt grain boundary (a/2[110] ) in silicon matrix. In particular, we have analyzed the solution to the diffusion equation with the drift force acting on boron dopant atoms in silicon substrate with E = -0.26. The crystallographic nature of the interface is taken into account by the choice of the Burgers vector of the dislocation in our continuum analysis.
When a coherent interface across a two-phase medium is responsible for segregation, an attractive drift force is exerted by the soft second phase. Accordingly, we have found that the appropriate Imundary conditions are J = 0 at X = R. and dC/dx = 0 at X = rc where R. is the position of the Gaussian maximum in the initial implanted profile and rc the position of the minimum in the concentration. The justification for the choice of the above boundary conditions is discussed at length in our previous work [22] . We have further shown that rc is obtained by determining the lowest values of the minimum in the concentration profile.
The results of the analysis for the concentration profiles are presented in Fig.14 for three different two-phase systems. The results illustrate that the attractive drift force gives rise to a large concentration of dopants at the interface followed by a minimum. Further, the concentration of dopants near the interface is largest for a free surface. The shear modulus of GaAs (3.26 X lol dynes/cm2) is roughly half that of silicon, while that of Ge (5.64 X 10 dynes/cm2) is closer to that of silicon. Therefore the attractive drift force exerted by GaAs on the dopant atoms in Si is much higher than that exerted by Ge on Si. For the same reason, the concentration of dopant atoms near the interface is higher in the presence of GaAs rather than Ge. The results of the boron dopant profiles in silicon with a free surface are found to be useful to explain the experimentally observed minimum in the concentration [13] . The results are also in conformity with the concentration profiles of Zn obtained in InGaAs/InP system [25] . The rate of depletion of dopant atoms at the free surface on silicon or at the interface between Si/GaAs or Si/Ge is presented in Fig. 15 . It is seen to decrease with decreasing magnitude of the attractive force, i.e. in the order of the free surface, GaAs or Ge on Si.
The dopant atom distribution in the presence of a misfit dislocation at the interface between silicon and an epilayer of GaAs of 40 A thickness is shown in Fig.16 for different eigen values. The boundary conditions used in the solution of the diffusion equation are, J = 0 at X = R. and C(x) = 0 at X = r, . The core radius of the misfit dislocation, rc = 7 A has been chosen with the outer radius R. times will be useful to understand the kinetics of segregation of dopant atoms near a partially coherent interface so that a different set of boundary conditions if appropriate can be applied at the core of the dislocation. The decreasing concentration of the dopant atoms in the substrate for larger diffusion times illustrate the kinetics of precipitation at the partially coherent interface. The rate of depletion of dopant atoms from the silicon substrate into the semicoherent interface is shown in Fig. 18 for the two specific situations of the epilayers namely, 40 A thick GaAs on Si and similarly Ge on Si. The rate of depletion of the dopant atoms towards a semicoherent GaAsJSi interface is smaller compared to that towards Ge/Si interface. The hydrostatic component of stress in silicon is larger for the misfit dislocation in Ge/Si interface compared to that in GaAsISi interface so that the kinetics of segregation of dopant atoms is also faster. At this point, it is also obvious from a comparison of results presented in Fig. 18 and Fig. 15 that the rate of depletion of the dopant atoms near a misfit dislocation in a partially coherent interface is much higher than near a coherent interface.
The elastic field of a symmetric a/2 <l 10> tilt boundary in silicon is used in the calculation of the kinetics of segregation. The interaction energy of such a grain boundary with a point defect varies as a function of both X and y coordinates. The problem is solved one dimensionally by considering the kinetics for several values of Y = y/D, where D is the separation between the individual dislocations representing the low angle tilt grain boundary. Specifically, the boundary conditions used in the solution of the diffusion equation are, J = 0 at X = R. and C(x) = 0 at X = rc with the core radius of the grain boundary, rc = 5 A and the outer radius R. = 200 A.
The bransition from low angle boundaries to high angle boundaries is considered to arise near lSO as the misorientation is increased [24] , since the dislocation cores overlap. Various grain boundary angles (l0 to 12O) have been used in the present numerical analysis. The fraction of gold atoms (E = 0.28) segregated at a grain boundary with 9 =l0 is shown in Fig. 19 as a The interaction energy as a function of the grain boundary angle increases and reaches a maximum near 10° and for this reason, the kinetics of segregation increases with grain boundary angle upto 1 OO. Further increase in the grain boundary angle gives rise to a decrease in the kinetics. The fraction segregated has been shown in Fig. 20 for three different grain boundary angles, l0 ,8O and 12O. The kinetics of segregation is fastest for a grain boundary angle of whereas it is slowest for 1°. Low angle tilt boundaries with angles around 10° should therefore be most efficient in the removal of impurities.
SUMMARY AND CONCLUSIONS
The generation of dislocations in coherent epilayexs of f i t e thickness and thereby the formation of a semicoherent interface is analyzed using a self-consistent surface dislocation analysis. The approximations used by the previous authors are eliminated in the present analysis by determining the energy of the dislocation configuration in the f i t e epilayer wherein the free surface boundary colnditions are satisfied. Although, discrete dislocation method with a finite number of dislocations is used, the results can be very accurate due to the minimization of energy with respect to both the position and the Burgers vectors of surface dislocations. The experimental observations that lattice misfit dislocations are nucleated at the free surface and glide towards the interface have been used to determine the critical thickness of the epilayer at which the interface becomes partially coherent. The nucleation of the misfit dislocation and its glide towards the interface is analyzed in terms of the energy changes associated with the configuration. The coherent elastic strain energy provides the necessary energy for the misfit dislocation to overcome the activation energy associated with nucleation and growth. The results clearly illustrate that nucleation of the misfit dislocation is an important step in the formation of the misfit dislocation and the partially coherent interface. The results of the present analysis are in fair agreement with those obtained by Matthews for large misfit but tend to differ increasingly with decreasing magnitude of misfit. We believe the analysis of People and Bean is inappropriate since their evaluation of areal strain energy density uses a constant lattice width over which the energy of the lattice misfit dislocation is distributed. The experimental results on Ge/Si share ;a good agreement with the calculation using a finite width (island growth) of the epilayer. We have recently performed total system energy calculations with and without interface dislocations, which include the core energy distortion at the dislocations. A good agreement was obtained between these and the finite width calculations [26] .
The segregation of dopant and impurity atoms towards interfaces, either coherent or partially coherent and grain boundaries is analyzed by considering the drift forces. The diffusion equation is solved using an eigen function expansion method with several eigen values. The configurational strain energy associated with a dopant atom near a coherent interface is responsible for the drift force. A soft second phase exerts an attractive drift force whose magnitude increases withdecreasing shear modulus of the second phase. Thus a free surface gives rise to the maximum drift force. Experimental observations of a peak in the concentration near the interface followed by a minimum are explained in terms of the spatial variation of the drift force.
The stress field associated with the misfit dislocations in a partially coherent interface is used to calculate the first order size effect interaction. The drift forces arising due to the interaction energy are used to calculate the drift force and the kinetics of segregation. The analysis clearly shows that the kinetics of segregation are much faster in the presence of a partially coherent interface than in the presence of a coherent interface. Thus, gettering of impurities would be best achieved by a partially coherent interface containing misfit dislocations.
Similarly, the segregation of dopant atoms near small angle grain boundaries is analyzed by considering the first order size effect interaction between the stress field of the tilt boundary and the foreign atom. The results illustrate that the kinetics of segregation increases with increasing tilt angle of the boundary and reaches a maximum near 10°. Furthermore, segregation at the core positions of the dislocations in a grain boundary is found to be largest with decreasing amounts segregated further away along the grain boundary. 
